Abstract Over the last 20 years, it has emerged that many molecular chaperones and protein-folding catalysts are secreted from cells and function, somewhat in the manner of cytokines, as pleiotropic signals for a variety of cells, with much attention being focused on the macrophage. During the last decade, it has become clear that macrophages respond to bacterial, protozoal, parasitic and host signals to generate phenotypically distinct states of activation. These activation states have been termed 'classical' and 'alternative' and represent not a simple bifurcation in response to external signals but a range of cellular phenotypes. From an examination of the literature, the hypothesis is propounded that mammalian molecular chaperones are able to induce a wide variety of alternative macrophage activation states, and this may be a system for relating cellular or tissue stress to appropriate macrophage responses to restore homeostatic equilibrium.
Introduction
Metchnikoff's studies of macrophages in transparent organisms (a century before the Zebra fish became popular)
would not have prepared him for the enormous importance of the mononuclear phagocyte lineage in current biomedicine. These cells, in various cellular guises, populate all of the tissues of the body, playing a multitude of roles including: anti-microbial defences, regulation of immune responses, promotion of wound healing and control of bone remodelling. New functions for these cells are continuously appearing. For example, the microglia of the brain are increasingly being regarded as having key neuroprotective functions, rather than just conventional pro-inflammatory actions (Glezer et al. 2007 ). Less benignly, tumourassociated macrophages (TAMs) are induced in tumours and appear to enhance tumour growth and invasiveness . The role of macrophages in lipid metabolism and in the pathologies associated with such metabolism is now emerging (reviewed by Gordon 2007) . Of course, macrophages are capable of producing a cocktail of noxious agents, including free radicals, proteases and cytokines-all of which can be damaging to the phagocyte itself. The influence of oxidative stress on macrophages has recently been called "the enemy within" (Splettstoesser et al. 2002) and highlights the hypothesis that this cell population is the most stressed in the body. This may explain the findings of the last decade, which are increasingly supportive of the hypothesis that controlling factors in macrophage activation include the molecular chaperones and protein-folding catalysts. Both are vital proteins involved in protecting cells against internal and external stress. In the context of this review, these classes of protein-folding proteins will be jointly referred to as molecular chaperones. The reader should be aware that new guidelines for the nomenclature of the human heat shock protein (HSP) families have recently been suggested (Kampinga et al. 2008) . These include HSPH (HSP110),HSPB (small HSP) as well as for the human chaperonin families HSPD/E (HSP60/HSP10) and CCT (TRiC). These have not been used in this review to avoid confusion.
The cell stress response and molecular chaperones
The finding that cells respond to stress was made in the early 1960s, but the molecular mechanisms underpinning this vital cellular response were only identified in the 1980s with the discovery of intracellular molecular chaperones and protein-folding catalysts (Gething et al. 1997 ). The former are proteins which non-enzymatically aid in the folding or refolding of proteins. The latter are enzymes such as thioredoxin (Trx) or peptidyl-prolyl isomerases (PPIs) whose enzymic activity is required for the correct folding of client proteins. Unfolded proteins in the different compartments of the cell give rise to coordinated responses known as the unfolded protein response (UPR). The UPR in the endoplasmic reticulum (ER) has been most closely scrutinized, and it is now recognised that one molecular chaperone in particular, BiP, acts as the key controller of the response, which is designed to inhibit the production of protein in the ER or, if this is not possible, to switch on the mechanism leading to apoptosis (Rutkowski and Kaufman 2004) .
Secreted and extracellular molecular chaperones
For adherents of Thomas Kuhn, science is supposedly littered with examples of paradigm revolutions. Possibly one of the quickest revolutions was of the paradigm that molecular chaperones are intracellular proteins. Indeed, some 30 years ago, 1 year before the discovery of the first molecular chaperone, a circulating immunosuppressive activity, termed early pregnancy factor (EPF), was discovered (Morton et al. 1977) . This turned out to be the molecular chaperone, chaperonin (Cpn)/heat shock protein (Hsp)10, a mitochondrial protein (Cavanagh and Morton 1994) . Co-incidentally, both Hsp10 and the co-chaperone Hsp60 are now implicated as cell surface proteins essential for the capacitation of sperm, revealing a 'prior role' for these proteins in pregnancy (Walsh et al. 2008 ). However, it was Hightower, 1 year after the description of the mechanism of action of Hsp60, who first revealed that a molecular chaperone, in this case Hsp70, was released by cells (Hightower and Guidon 1989) . Since then, a growing number of cell stress proteins have been identified in body fluids or in the medium maintaining cultured cells (Table 1) . One of the major criticisms directed at these findings is the lack of mechanisms to explain the release of these variegated proteins. This criticism is generally made by individuals who fail to realise that both prokaryotes and eukaryotes have diverse and non-overlapping secretion pathways and that new secretion pathways (e.g. bacterial type VI secretion-Cascales 2008) are being discovered from time to time. It has recently been discovered that Hsp70, Hsp90 and calnexin are released from cells in small vesicles called exosomes (Fevrier and Raposo 2004) . In addition, Hsp70 has been reported to be released from cells by a mechanism similar to that used by the key early response cytokine, interleukin-1 (Mambula et al. 2007 ). Intriguingly, another class of non-folding stress protein (metallothionein) also appears in the extracellular pool under cell stress (Lynes et al. 2006) , suggesting that the release of such proteins may be a general cellular response to stress.
Macrophage activation in response to infection
Macrophages populate the tissues of the body and are a short-term resident population of the blood in the form of the circulating monocyte. The wide range of morphologies assumed by the tissue macrophages, from the simple rounded pleural macrophage to the microglia with its enormously long ramified processes, to the multinucleate osteoclast population of bone, reveals the phenotypic plasticity of this cell lineage. Elie Metchnikoff was the first to report that animals resistant to specific bacterial Only some of these proteins have thus far been shown to be actively secreted from cells infections had macrophages capable of killing these bacteria. However, it was the work of George Mackaness on facultatively and obligate intracellular parasites of macrophages who introduced the concept of macrophage activation and defined its role in immune responses to infections (Mackaness 1962; Adams and Hamilton 1984) . The mechanism by which T cells were able to activate macrophages remained a mystery until Carl Nathan showed that a soluble factor must be responsible and then identified this factor as the cytokine, interferon (IFN)-γ (Nathan et al. 1983) . Another key factor in macrophage activation is the external coat material of Gram-negative bacteria, which includes the amphiphilic molecule known as lipopolysaccharide (LPS; Henderson et al. 1998) . It has been known for decades that LPS is pyrogenic and has pro-inflammatory properties. It was not until the 1950s-1970s that the role of LPS in macrophage activation and in the induction of proinflammatory cytokines from monocytes/macrophages was elucidated (Bomford and Henderson 1989) . The activation state of macrophages induced by exposure to IFN-γ and/or LPS is now termed classical macrophage activation (Gordon 1999) , although Gordon has recently suggested the term innate activation for the activation state induced by microbial products such as LPS (Gordon 2007) .
Over the last two decades, it has come to be recognised that macrophages can respond to extracellular signals in distinct ways from that induced by 'classical activation' signals. These distinct activation phenotypes have been termed alternative activation pathways (Stein et al. 1992; Goerdt et al. 1999 ). Monocytes exposed to LPS and/or IFN-γ exhibit properties consistent with antibacterial activity and antigen presentation including synthesis of IL-12, nitric oxide (NO) and oxygenderived free radicals (these are termed classically activated macrophages-caMØ or M1 cells). IL-4 and IL-13 were once thought to be natural inhibitors of macrophage activation. However, this phenomenon has proved to be more complex, as it has been shown that cells exposed to either of these cytokines will increase the production of scavenger receptors, IL-10 and arginase among other things. These cells are now described as alternatively activated macrophage-aaMØ (or M2; Gordon 2003 Gordon , 2007 .
The M2 phenotype has been further subdivided into M2a (after exposure to IL-4 or IL-13), M2b (exposure to immune complexes in combination with IL-1β or LPS) and M2c (exposure to IL-10, TGFβ or glucocorticoids; Martinez et al. 2008 ; Table 2 ). Gordon has recently suggested that the M2c state should be termed 'innate and acquired inactivation' (Gordon 2007) . M1 macrophages exhibit potent microbicidal properties and promote strong IL-12-mediated Th1 responses, whilst M2 support Th2-associated effector functions. The M2 polarised macrophages play a role in resolution of inflammation through high endocytic clearance capacities and trophic factor synthesis, accompanied by reduced pro-inflammatory cytokine secretion (Mantovani et al. 2004; Martinez et al. 2008) . TAMs also display an alternative-like activation phenotype and function to promote tumour growth (Porta et al. 2007) . Of interest is the recent report that regulatory T cells are capable of inducing alternative macrophage activation. These regulatory T cells are now believed to control immune responses and may do so, in part, through controlling macrophage activation (Tiemessen et al. 2007) .
It is now recognised that the aaMØ is a natural phenomenon in parasitic infections (Gordon 2003; Mantovani et al. 2004) , raising the question of how parasites induce this state. It has recently been reported that the helminth, Fasciola hepatica, induces the aaMØ state by secreting the protein-folding catalyst, thioredoxin peroxidase or peroxiredoxin (Donnelly et al. 2005) . This finding has brought the abilities of various cell stress proteins to modulate mononuclear phagocyte behaviour into focus and suggests a new paradigm for these proteins. Again, this may represent a common theme for stress proteins generally, such as metallothionein, mentioned earlier, which is also able to modulate the function of macrophages (Youn et al. Table 2 .
Molecular chaperones as modulators of macrophage activation
The authors propose the hypothesis that secreted molecular chaperones exert another layer of control over mononuclear phagocyte homeostasis. While an unusual proposal, it must be seen against the background of the emerging evidence for the diverse moonlighting actions of cell stress proteins. To highlight this, the prototypic molecular chaperone, Hsp60, has recently been identified as: (1) a human cell surface protein involved in sperm capacitation (Asquith et al. 2004) ; (2) an insect neurotoxin (Yoshida et al. 2001) and (3) a human protein acting as a tethering ligand for the alcohol acetaldehyde dehydrogenase of Listeria monocytogenes, thus allowing this bacterium to adhere to human cells and colonise humans (Kim et al. 2006 ). This is a remarkably diverse set of functions for any protein and suggests many more surprises are in store for researchers working with chaperonin 60 and presumably with all other stress response proteins. With regard to cell stress proteins and macrophage activation, we can, at present, roughly divide these proteins into those that appear to induce classical activation and those that induce some form of alternative activation. It should be borne in mind that apart from the peroxiredoxin of F. hepatica, there have been no real attempts made to assess cell stress proteins for their ability to induce alternative macrophage activation. Indeed, many of the activation states to be described in response to cell stress proteins seem to suggest 'alternatives' to the currently defined alternative activation states. Of course, this may simply reflect our lack of knowledge of what constitutes an alternatively activated macrophage (Table 3) .
Hsp60
The second molecular chaperone identified, Hsp60, is recognised as being a highly conserved protein (Hill et al. 2004 ); yet, it is clear that, depending on the source, this protein can exhibit a bewildering diversity of biological actions. There are now many publications reporting that Hsp60 stimulates human monocytes to produce proinflammatory cytokines, suggesting induction of a caMØ state. The Hsp60 proteins from Homo sapiens and Chlamydia trachomatis stimulate human monocytes via a CD14/TLR2/TLR4-dependent mechanism (toll-like receptor, TLR). In contrast, the same proteins from Escherichia coli or Helicobacter pylori are not dependent on CD14/ TLR2/4 for monocyte activation (reviewed by Maguire et al. 2002) . Indeed, the H. pylori Hsp60 activates macrophages in a TLR2/4 and myeloid differentiation factor 88 (Myd-88)-independent manner (Gobert et al. 2004) . Furthermore, one of the three Hsp60 proteins of Rhizobium leguminosarum fails to activate human monocytes (Lewthwaite et al. 2002a ).
One of the most unexpected findings from the study of the human Hsp60 protein is that it is present in the blood of >50% of the normal adult population (Shamaei-Tousi et al. 2007a) . Most proteins in the circulation exist within very sharp concentration ranges. In contrast, Hsp60 can be found in human plasma at levels ranging from 1 ng/ml to >1 mg/ml. This is a million-fold range, and this range of levels encompasses both the anti-and pro-inflammatory effects of these proteins. The author's group have shown a relationship between circulating Hsp60 and cardiovascular disease, and this may relate to the influence of these proteins on macrophage function (Lewthwaite et al. 2002b; Halcox et al. 2005; Shamaei-Tousi et al. 2007b) The in vivo breakdown of bone is driven by a specific monocyte population known as the osteoclast. Gramnegative bacterial Hsp60 proteins have been shown to stimulate both osteoclast formation and activation (Kirby et al. 1995; Reddi et al. 1998) as has human Hsp60 (Meghji et al. 2003) . However, it was found that the homologous proteins (Hsp60.2) from Mycobacterium tuberculosis and Mycobacterium leprae had no such activity (Kirby et al. 1995) .
The principal author and his colleagues have been involved in an increasingly detailed analysis of the Hsp60 proteins of M. tuberculosis (Mtb), which is revealing the unusual nature of these proteins and their interactions with macrophages. The mycobacteria generally have two genes for Hsp60 proteins, and in Mtb, these proteins are referred to as Hsp60.1 and Hsp60.2. The latter is the well-known Hsp65 protein. Indeed, one of the first reports of the signalling actions of molecular chaperones was that the M. tuberculosis Hsp60.2 protein activated human monocytes to synthesise pro-inflammatory cytokines (Friedland et al. 1993) . Both proteins, when used in vitro at microgram per milliliter concentrations stimulate human monocytes to secrete a range of pro-inflammatory cytokines (Lewthwaite et al. 2001 ). These findings suggest that the M. tuberculosis chaperonins are inducers of the classically activated state. Attempts to inactivate the genes encoding the Hsp60 and Hsp10 proteins in Mtb have revealed that Hsp60.2 and Hsp10 are indispensible proteins. However, the gene encoding the Hsp60.1 protein can be inactivated without any significant effect on the cellular behaviour of M. tuberculosis. Indeed, M. tuberculosis lacking a function hsp60.1 gene responds identically to the wild-type organism when exposed to a wide range of antibacterial stressors. This would not be expected if the Hsp60.1 protein functioned as a cell stress protein. However, when used to infect mice and guinea pigs, the Δhsp60.1 mutant, although growing to the same numbers as the wild type, failed to induce a granulomatous response. These finding suggest that the Mtb Hsp60.1 is a direct-acting mycobacterial virulence factor able to induce the formation of granulomas (Hu et al. 2008) . Giant cells are a characteristic feature of granulomas, and we wondered if the M. tuberculosis Hsp60.1 protein had any influence on their generation. This idea came from our findings of the effects of Hsp60.1 on osteoclast formation (reported below). To test this proposal, we have used an in vitro human blood granuloma formation assay (Puissegur et al. 2004 ) in which we have added wild type, mutant and complemented M. tuberculosis with blood for various times and then enumerated the numbers of multinucleate giant cells. This has revealed that the isogenic mutant lacking the Hsp60.1 protein produces less than 10% of the multinucleate giant cells generated by human blood cultured with either the wild type or complemented M. tuberculosis (Henderson, Coates, Altare, unpublished data) .
Macrophages can undergo fusion to produce either giant cells or osteoclasts (Helming and Gordon 2008) , and this may be thought of as an alternative form of macrophage activation. Macrophage fusion is a complex process (Helming and Gordon 2008) and one of the main cell surface proteins involved in the process, dendritic cellspecific transmembrane protein (DC-STAMP), has recently been shown to be differentially regulated in osteoclasts and in macrophage giant cells (Yagi et al. 2007 ). The finding that the Mtb Hsp60.2 protein, unlike other Hsp60 proteins, did not promote osteoclast formation and bone remodelling (Kirby et al. 1995) stimulated an examination of the bone destroying actions of the Mtb Hsp60.1 protein. Surprisingly, this recombinant protein did not promote osteoclast formation (Meghji et al. 1997) . This raised the question as to whether the Mtb Hsp60 proteins could inhibit bone resorption. Although the two Mtb Hsp60 proteins share over 60% sequence identity, the Hsp60.2 protein has no influence on the process of osteoclast formation, while the Hsp60.1 protein turns out to be a potent inhibitor of murine osteoclast formation both in vitro and in vivo (Winrow et al. 2008) . The process of osteoclast formation is multistaged and takes up to 7 days. It has been found that Mtb Hsp60.1 can block osteoclast formation in vitro even after the process has been going for 4 days (Winrow et al. 2008) . A partial explanation for the inhibitory effect of Mtb Hsp60.1 is that it inhibits the transcription of a key osteoclast transcription factor, nuclear factor of activated T cells (NFATc1). This, it is believed, accounts for inhibition over the first few days of the process of osteoclastogenesis. However, it is thought that the later stages must involve inhibition of other signalling processes such as those related to DC-STAMP (Winrow et al. 2008) . These findings clearly reveal that in spite of very high sequence conservation, individual Hsp60 proteins can have very distinct extracellular signalling actions. Surprisingly, administration of M. tuberculosis Hsp60.1 to rats with adjuvant arthritis completely blocked the osteoclastic bone destruction that is the characteristic of this disease without inhibiting the joint inflammation. Thus, M. tuberculosis Hsp60.1 may have therapeutic potential.
Macrophages are important bacterial killing machines, and this is the function of the classical activation pathway in response to IFN-γ or LPS. Tuberculosis is a disease in which it is well known that the macrophages are inhibited, and rather than an antibacterial Th1 response, tubercular patients appear to exhibit more of a Th2 phenotype (Rook et al. 2005) . Testing for tuberculosis sensitivity often uses an extract of whole Mtb called purified protein derivative (PPD). This response is known to be suppressed in individuals infected with Mtb (Wilsher et al. 1999) . It has Table 3 Eukaryotic molecular chaperones that modulate macrophage activity Hsp10 (Johnson et al. 2005) Inhibits LPS-induced caMØ activation Thioredoxin (Trx)80 (Pekkari et al. 2005) Induce novel macrophage activation state Trx (Billiet et al. 2005) Inhibits LPS-induced caMØ activation Cyclophilin A (Sherry et al. 1992) Induces a caMØ state Peroxiredoxin (Donnelly et al. 2005) Induces an aaMØ state Hsp27 (De et al. 2000) Induces IL-10 synthesis but not TNF-α presumably an aaMØ state Hsp60 (Maguire et al. 2002) a Induces caMØ state Hsp70 (Vabulas et al. 2002) Induces caMØ state BiP (Panayi and Corrigall 2008) Inhibits monocyte activation and similar to Hsp27, presumably and aaMØ state Gp96 (Vabulas et al. 2002a) Induces caMØ state Clusterin (Xie et al. 2005) Induces what appears to be caMØ Haptoglobin (Moestrup and Møller 2004) Induces an aaMØ state caMØ classically activated macrophage, aaMØ alternatively activated macrophage a Mycobacterium tuberculosis Hsp60 induces alternative activation state recently been reported that Mtb Hsp60.1 inhibits the PPDinduced formation of the key cytokine IL-12 p40 subunit. IL-12 is responsible for activating Th1 responses. The mechanism of action of Mtb Hsp60.1 is by inducing synthesis of TLR2 and then binding to this receptor to suppress intracellular signalling, specifically by suppression of nuclear c-rel, which leads to inhibition of IL-12p40 (Khan et al. 2008 ). This is a novel mechanism for inhibiting the classical activation of macrophages. One spin-off from these studies is the potential therapeutic efficacy of the mycobacterial Hsp60 proteins. Gelfand and co-workers have reported that the M. leprae Hsp60.2 protein is a potent inhibitor of experimental allergic asthma in the mouse (Rha et al. 2002) but that a range of other Hsp60 proteins, including the M. tuberculosis Hsp60.2, were inactive. The author's group has also shown that M. tuberculosis Hsp60.1 can inhibit the same experimental asthma model in the mouse but, like Gelfand, found that the Mtb Hsp60.2 protein was inactive (RiffoVasquez et al. 2004) . Since the two mycobacterial Hsp60.2 proteins share 96% sequence identity, this suggests that very small sequence differences can have profound effects on the biological actions of these proteins.
The surprising finding from these studies is the marked range of distinct and non-overlapping biological actions exerted by different Hsp60 proteins. This contradicts the current view that sequence homology relates to functional homology. It is not known if these major differences in extracellular signalling actions of the Hsp60 proteins are specific to this family of proteins or if this is a general feature of cell stress proteins.
Hsp70 family members There are at least 11 members of the Hsp70 gene family if one includes the Hsp110 and Grp170 family members (Daugaard et al. 2007 ). The reader should be aware that the literature is often somewhat confusing as to the nature of the Hsp70 protein(s) being used in published studies. Initial studies of human Hsp70 (presumably Hsp70-1a) reported that it stimulated human monocytes to produce pro-inflammatory cytokines by a mechanism involving rapid intracellular calcium flux. Of importance, this calcium flux is not seen in cells stimulated with LPS (Asea et al. 2000) . The early studies suggested that Hsp70-1a stimulated monocytes by binding to TLR2 and TLR4 and to CD14 (Asea et al. 2000 (Asea et al. , 2002 Vabulas et al. 2002a ). The cellular receptors for LPS include TLR4 and CD14. Questions about the role of LPS contamination in cell stress protein preparations have dogged the literature. Surprisingly, similar questions are rarely addressed in experiments with the many hundreds, if not thousands, of bacterial and mammalian recombinant proteins expressed in E. coli. However, most active research groups in this cell stress protein field have taken great care to exclude the role of LPS contamination, and this is particularly true of those studying the Hsp70 proteins. The formulation of LPS controls in this type of study has been reviewed by . Thus, the weight of evidence would suggest that human Hsp70 proteins stimulate a classically activated macrophage phenotype.
Lehner has studied the effect of Hsp70 from M. tuberculosis on human monocyte cell lines and human peripheral blood monocytes. It produces a classical activation state with the production of TNF-α, IL-12, nitric oxide (NO) and the chemokines CCL3, CCL4 and CCL5. Initial studies revealed that the activation of these cells was not through binding to CD14 or a TLR but was the result of interaction with CD40, a member of the TNF receptor family (Wang et al. 2001 (Wang et al. , 2002 . In a later work, Lehner's group have found that Mtb Hsp70 also binds to the chemokine receptor CCR5, which is the co-receptor for HIV-1 (Whittall et al. 2006 ). The synergistic relationship between AIDS and tuberculosis is now seen as a major global health problem (Young et al. 2008) . It is therefore important to note that M. tuberculosis Hsp70 can dosedependently inhibit the infection of CD4 T cells by HIV-1, the active site in this protein being the C-terminal epitope 407-426. The Hsp70 apparently works by blocking the CCR5 co-receptor and by inhibition of CC-chemokines (Babaahmady et al. 2007 ). This suggests a therapeutic potential for this protein and a re-examination of the M. tuberculosis/HIV-1 relationship. Surprisingly, the human Hsp70 protein has been claimed to bind to a number of membrane-bound targets including: CD14, TLR2, TLR4, CD40, LOX-1 and CD91. Calderwood has recently claimed that Hsp70 binds most strongly to scavenger receptor (SR) family and C-type lectins of the NK family (Theriault et al. 2006) . Obviously, further studies are needed to clearly identify the range of receptors and the intracellular signalling contributions made by them when bound to Hsp70 proteins.
Thus, the Hsp70-1a and the M. tuberculosis Hsp70 proteins bind to human monocytes and induce a classical activation pattern of gene transcription. The endoplasmic reticulum stress protein, BiP is another member of the Hsp70 family, which demonstrates 64% sequence identity to Hsp70-1a. In a search for the autoantigen in rheumatoid arthritis, Panayi and co-workers used proteomics, with human rheumatoid serum, to identify immunoreactive proteins in human articular chondrocytes. One of the strongest interactions turned out to involve BiP. On the assumption that this protein would be a potent inducer of immunity, BiP was tested in animals. Surprisingly, it turned out that the administration of BiP to rodents with experimental arthritis actually inhibited the symptoms of disease (Corrigall et al. 2001 ). An explanation for this finding was that the addition of BiP to human monocytes induced the formation of IL-10 rather than the proinflammatory cytokine TNF-α (Corrigall et al. 2005) . Microarray analysis of human monocytes exposed to BiP for 24 h has revealed a decrease in the transcription of proinflammatory cytokines and chemokines and reduced transcription of co-stimulatory proteins such as HLA-DR and CD86 and increased transcription of anti-inflammatory proteins such as TNF receptor II and IL-1 receptor antagonist (Corrigall et al. 2005) . These findings strongly support the hypothesis that BiP is an alternative macrophage activator.
Hsp10 (chaperonin 10/EPF) As described already, Hsp10 was the first molecular chaperone identified in human blood. It is found in the blood during the first trimester of pregnancy (Morton et al. 1977 ) and was rapidly recognised as an immunosuppressive factor (Noonan et al. 1979) . Recombinant human Hsp10 inhibits experimental autoimmune encephalomyelitis in Lewis rats (Harness et al. 2003) and graft versus host disease (Johnson et al. 2005 ). In the latter study, Hsp10 also inhibited the LPS-induced activation of monocyte pro-inflammatory cytokine synthesis, thus showing the capacity to inhibit the induction of the classically activated macrophage state. The potential importance of such macrophage-inhibiting activity is seen in the report that human recombinant Hsp10, given to patients with rheumatoid arthritis, has therapeutic activity (Vanags et al. 2006 ).
Recent information suggests that human and rodent
Hsp10 has a range of biological actions both inside cells and when released from stressed cells (reviewed by Czarnecka et al. 2006) . The concentration of Hsp10 has been measured in the plasma of controls and in patients with chronic periodontal disease undergoing treatment. The surprising finding from this study is that levels of Hsp10 were low in the blood of periodontal patients compared to comparable controls. However, after successful therapy, the levels returned to those found in healthy controls. This suggests that Hsp10 is a circulating anti-inflammatory factor, which is consumed during inflammation (perhaps to inhibit macrophage activation) and only returns to the blood once the inflammation has been controlled (ShamaeiTousi et al. 2007b) Hsp27 There are a growing number of examples in which this small heat shock protein plays important roles in intracellular signalling (Arrigo 2007) . Extracellular Hsp27 has also been shown to influence monocyte/macrophage/ dendritic cells maturation and signalling. The first evidence for this was the finding that the addition of exogenous Hsp27 to human monocytes resulted in a high IL-10 to low TNF-α ratio similar to that described for BiP (De et al. 2000) . It has been further shown that Hsp27 inhibits the differentiation of monocytes into macrophages and of monocytes into immature dendritic cells by both IL-10-dependent and IL-10-independent pathways (Laudanski et al. 2007) . One emerging concept in immunology is that the immune system is more concerned with signals that cause damage than it is with self/non-self (Matzinger 2002) . These danger signals have been proposed to include certain molecular chaperones (Williams and Ireland 2008) . This has led to the suggestion that Hsp27 functions as an 'antidanger' signal (Miller-Graziano et al. 2008) .
When Hsp27 over-expressing mice were crossed with apoE negative mice (which spontaneously develop atherosclerosis), female offspring demonstrated a tenfold increase in circulating Hsp27 and a significant inhibition of atherogenesis. Of relevance to this review, the Hsp27 inhibited the binding of acetylated low-density lipoprotein (acLDL) to macrophages by competing with the binding of this proteinlipid complex to the scavenger receptor A. In addition, extracellular HSP27 decreased acLDL-induced release of the pro-inflammatory cytokine IL-1β and increased the release of the anti-inflammatory cytokine IL-10. It is therefore hypothesised that HSP27 is atheroprotective because of its actions on the macrophage population either or both competing for the uptake of atherogenic lipids or attenuating inflammation. (Rayner et al. 2008 ).
Thioredoxin superfamily members The thioredoxin superfamily (containing the conserved CXXC motif) consists of oxidoreductases with the ability to catalyse oxidative protein folding via protein-protein interactions and covalent catalysis and therefore to act as chaperones and isomerases of disulfides to generate a native fold (Yamawaki and Berk 2005; Berndt et al. 2008) . Thioredoxin (Trx) is the 12-kDa prototypic protein of this superfamily, which was originally discovered in E. coli as an electron donor to ribonucleotide reductase, an enzyme essential for DNA synthesis (Holmgren 1985) . The human Trx gene was originally cloned as the result of the identification of a cytokine released by retrovirally transformed human T lymphocytes and was originally called adult T cell leukaemia-derived factor. This protein is an inducer of one subunit (IL-2Rά) of the T cell IL-2 receptor (Tagayi et al. 1989 ). Human Trx is chemotactic for monocytes, polymorphonuclear leukocytes and T lymphocytes, with a comparable potency to known chemokines but with a different mechanism of action (Bertini et al. 1999; Nakamura 2001a ). A high plasma Trx level in HIV-infected individuals with low CD4 counts is associated with increased mortality, which is thought to be due to the high chemotactic activity in the plasma inhibiting trafficking of leukocytes into tissues (Nakamura et al. 2001b) . Thioredoxin is released by mononuclear phagocytes (Bertini et al. 1999 ), but only a few studies have been directed at the effects of Trx on macrophages and inflammation. Addition of Trx to human macrophages, which have been stimulated by exposure to LPS, reduced both IL-1β messenger RNA (mRNA) levels and IL-1 protein synthesis in a dosedependent manner. This effect was largely mediated through a reduction of NF-κB activation (Billiet et al. 2005) . Administration of Trx to mice with myosin-induced autoimmune myocarditis (Liu et al. 2004) or with experimental ulcerative colitis (Tamaki et al. 2006 ) inhibits inflammation, strongly supporting the hypothesis that Trx is an alternative macrophage activator (Nakamura 2008) .
More is known about a naturally produced truncated form of Trx, which contains 80 or 84 of the N-terminal residues of this protein (termed Trx80). This was initially discovered as an eosinophil cytotoxicity-enhancing factor in the blood of patients with schistosomiasis (Silberstein et al. 1989 ). Thioredoxin 80 is produced and released by monocytes, presumably as a Trx cleavage product, and is reported to induce a novel state of macrophage activation with increased mannose receptor expression but lower amounts of MHC class II receptors. Activated cells have higher pinocytotic activity, release significant amounts of both pro-and anti-inflammatory cytokines and have a lower allogeneic proliferative response (Pekkari et al. 2005) . It is currently unclear how this state relates to the alternative macrophage activation states described by various workers (Gordon 2003; Mantovani et al. 2004; Martinez et al. 2008) . Thioredoxin reductase, a catalyst required for the reduction of Trx, is also secreted by macrophages and is found in the blood (Soderberg et al. 2000) and may also be shown to modulate mononuclear phagocyte function in future studies.
Macrophage migration inhibitory factor (MIF) is a wellknown cytokine, originally discovered as a lymphokine involved in delayed hypersensitivity and various other macrophage functions, including production of proinflammatory cytokines, glucocorticoid-induced immunomodulation, and natural killer cell inhibitory factor production, regulation of toll-like receptor expression and macrophage adherence and phagocytosis. This protein has now been shown to be a member of the thioredoxin family (Kleemann et al. 1998 ). It has now been shown that MIF binds to the chemokine receptors CXCR2 and CXCR4 to form a functional complex leading to G(alpha i)-and integrindependent arrest and chemotaxis of monocytes and T cells, rapid integrin activation and calcium influx (Bernhagen et al. 2007) .
Peroxiredoxin, initially known as macrophage 23-kDa stress protein, is now recognised to be part of a family of enzymes (currently, there are six members of this family in humans) that contain a conserved Cys residue that undergoes a cycle of peroxide-dependent oxidation and thioldependent reduction during catalysis (Rhee et al. 2005) . Using peroxiredoxin II-deficient macrophages, it has recently been established that intracellular peroxiredoxin II is an essential negative regulator of macrophage activation induced by LPS. The mechanism of action is the modulation of oxygen-derived free radical formation via nicotinamide adenine dinucleotide phosphate (reduced form) oxidase activity (Yang et al. 2007a) . There is also evidence that intracellular peroxiredoxin I is involved in the generation of foam cells. These are modified forms of macrophages involved in atherogenesis and can be considered to be alternative states of macrophage activation (Conway and Kinter 2006) . Alternatively, activated macrophages are found in the chronic stages of parasitic infections and are associated with the development of a polarised Th2 response. The liver fluke, F. hepatica, induces a polarised Th2 response in BALB/c mice during both the latent and chronic stage of disease. This alternative activation state was induced by both live flukes and also by parasite excretory-secretory (ES) products. The active component of the ES products is a peroxiredoxin, and the addition of recombinant F. hepatica peroxiredoxin to the murine monocyte cell line, RAW 264.7, converts these cells to an alternatively activated phenotype characterised by the production of high levels of interleukin-10 (IL-10), prostaglandin (PG)E 2 , and correspondingly low levels of IL-12 (Donelly et al. 2005) .
Peptidylprolyl cis-trans isomerases These proteins catalyse the cis-trans isomerisation of proline residues in proteins and are also termed cyclophilins and immunophilins, as the potent immunosuppressants cyclosporine and FK506 act by inhibiting these proteins. There are four classes of peptidyl prolyl isomerases (PPIs) termed cyclophilins, FK506 binding proteins (FKBPs), parvulins and trigger factors. Humans have 16 cyclophilins, 15 FKBPs and two parvulins (Fanghanel and Fischer 2004) . Cyclophilin A was found to be secreted from LPS-stimulated RAW264.7 cells, a murine macrophage cell line. The purified protein was, in turn, found to have pro-inflammatory effects on macrophages including acting as a chemoattractant (Sherry et al. 1992) . The signalling receptor for the human cyclophilin A and B is CD147, otherwise known as extracellular matrix metalloproteinase inducer (EMMPRIN) (Yurchenko et al. 2002) . Like M. tuberculosis Hsp70, cyclophilin A has been reported to inhibit the uptake of HIV-1 by macrophages and T lymphocytes (Sherry 1998) . The protozoan parasite, Toxoplasma gondii, has been reported to release cyclophilin-18 (C-18), and the recombinant form of this protein is a high affinity signalling ligand for CCR5, inducing the synthesis of IL-12 by dendritic cells . Thus, this PPI appears to induce a classical activation response, which the authors claim may benefit parasite transmission by stopping the protozoan killing its intermediate hosts. These workers have also reported that T. gondii cyclophilin-18 (C-18) inhibits HIV-1 cell fusion and infection with cell-free virus. This same protein also blocked syncytium formation between human T cells and effector cells expressing R5 but not X4 HIV strains (Golding et al. 2003) . These two HIV virus strains show markedly different properties in their interaction with human T cells (Cicala et al. 2005) .
Gp96
This endoplasmic reticulum molecular chaperone was thought to be essential for cell viability. However, in a screen for B cell mutants lacking responsiveness to LPS, a cell lacking the Gp96 gene was identified. Further analysis of this mutant revealed that the major defect in this cell was in its cell surface expression of TLRs, revealing a hitherto unknown role for Gp96 in inserting the TLR proteins into the plasma membrane (Randow and Seed 2001) . In a later study, a macrophage-specific Gp96-deficient mouse was created (Yang et al. 2007b) . Macrophages from these mice developed normally and were responsive to a range of cytokines including: IFN-γ, TNF-α and IL-1β. However, Gp96-deficient macrophages cannot respond to ligands of both cell-surface and intracellular TLRs including TLR2, TLR4, TLR5, TLR7 and TLR9. GP96-deficient mice are resistant to endotoxic shock but were susceptible to infection with the intracellular bacterium, L. monocytogenes. These findings suggest that Gp96 plays a major role in the folding and disposition of the TLRs. This study also reveals that macrophages, and not other myeloid cells, are the main source of pro-inflammatory cytokines in response to systemic endotoxin and L. monocytogenes infection (Yang et al. 2007b ).
In addition to its intracellular role in chaperoning TLRs, it has been reported that extracellular Gp96 can induce classical macrophage activation in murine RAW264.7 macrophages through binding to TLR2 and TLR4 (Vabulas et al. 2002b) Clusterin and haptoglobin The accepted paradigm is that all molecular chaperones are intracellular proteins, which may be secreted by certain cells under certain circumstances. Clusterin is the first member of this group of proteins, which is a constitutively secreted extracellular chaperone capable of binding to exposed hydrophobic regions on unfolded proteins. Clusterin has been proposed to control levels of unfolded extracellular proteins by promoting receptor-mediated endocytosis and intracellular lysosomal degradation (Wilson and Easterbrook-Smith 2000) . Clusterin has been reported to induce rodent microglia to produce both NO and TNF-α, suggesting it acts as a classical macrophage activator (Xie et al. 2005) .
Haptoglobin is an acute phase protein whose function is to scavenge hemoglobin after hemolysis. Haptoglobin complexes with soluble hemoglobin and the complex are taken up by the exclusive monocyte/macrophage receptor CD163. This receptor is overexpressed in alternatively activated macrophages with CD163 being reported to directly induce intracellular signaling leading to secretion of anti-inflammatory cytokines. In addition, CD163-mediated uptake of hemoglobin may create an antiinflammatory response because heme metabolites have potent anti-inflammatory effects (Moestrup and Moller 2004) . Evidence exists for the association between haptoglobin levels and inflammatory diseases, and it is proposed that this protein has an anti-inflammatory/ immunomodulatory function (Quaye 2008) . In recent years, it has been proposed, on the basis of structural and functional analysis, that haptoglobin is, like clusterin, a secreted molecular chaperone (Ettrich et al. 2002; Yerbury et al. 2005) . If this evidence is correct, then we can add another molecular chaperone to the list of alternative macrophage activators.
Conclusions
The response of macrophages to bacteria was termed 'macrophage activation' by George Mackaness in 1962, although Metchnikoff had reported similar findings at the turn of the twentieth century (Metchnikoff 1905) . Mackaness's work led to the discovery of IFN-γ as a macrophageactivating cytokine (Nathan et al. 1983) and to the concept of classically activated macrophages whose major function is to combat bacterial infection including instances of intracellular bacterial infection (Han and Kauffmann 1982) . The concept of alternatives to this mechanism of macrophage activation have only appeared in relatively recent years, even though it has been appreciated that macrophages in different sites in the body have widely different functions. For example, alveolar macrophages have long been recognised for their anti-inflammatory/immunomodulatory actions (Holt 1986) . However, there is now much excitement about the mechanisms responsible for inducing multiple forms of activation states in mammalian macrophages and the role these activation states can have in homeostasis, infection and idiopathic disease. Currently, only a small number of factors have been reported to induce classical or alternative macrophage activation (Table 2) . A word of caution has to be introduced about the absolute differences between classical and alternative activation, as the few microarray studies that have been conducted with macrophages responding to protozoan parasites (Rodriguez et al. 2004) or bacteria (Goldmann et al. 2007 ) tend to show a mixture of phenotypes at the mRNA level.
Since the early 1990s, evidence has begun to accumulate to support the hypothesis that secreted molecular chaperones can interact with monocytes/macrophages and cause various states of activation. Much more analysis of the actions of these proteins on macrophage function is needed before a definitive conclusion can be reached. However, at the time of writing, it would appear that monocytes/ macrophages respond to various extracellular recombinant molecular chaperones in ways that either resemble classically and alternatively activated macrophages or that resemble neither of these states. Macrophages are among the key sentinel cells in the body, and it is not difficult to imagine that evolution has moulded their behaviour by developing a response to molecular elements of the cell stress response. This raises several questions: (1) what receptors and signalling mechanisms are involved in macrophage recognition of molecular chaperones; (2) do molecular chaperones exhibit network activity with emergent properties (that is, functions which arises from the interaction of simpler entities, none of which show the fully formed and complex function); and (3) are bacterial and host molecular chaperones complementary or antagonistic (or both) in function?
